Blood lead (BPb), actity of 6-aminolevulinic add dehydratase (ALAD), erythrocyte protoporphyrin (EP), blood cadmium (BCd), serum zinc (SZn), seminal fluid zinc (SaZn), serum copper (SCu), and parameters of semen quality and of reproductive endocrine function were measured in 149 healthy male industrial workers 20-43 years of age. The group contained 98 subjects with slight to moderate occupational exposure to Pb and 51 reference subjects. All of the subjects lived in Zagreb, Croatia. Significant (p < 0.05) correlations of BPb, ALAD, and/or EP with reproductive parameters indicated a Pb-related decrease in sperm density, in counts of total, motile, and viable sperm, in the percentage and count ofprogressively motile sperm, in parameters ofprostate secretory function (S£Zn, acid phosphatase, and citric add in seminal fluid), and an increase in abnormal sperm head morphology, serum testosterone, and estradiol. These associations were confirned by results of multiple regression, which also showed significant (p < 0.05) influence of BCd, SZn, SCu, smoking habits, alcohol consumption, or age on certain reproductive parameters. These effects were mainly of lower rank and intensity as compared to Pb-related reproductive effects, whereas BCd contributed to a decrease in sperm motility and an increase in abnormal sperm morphology and serum testosterone. No significant Pb-or Cd-related influence was found on levels of the lactate dehydrogenase isoenzyme LDH-C4 and fructose in seminal fluid or on follide-stimulating hormone, luteinizing hormone, and prolactin in serum. The seminal fluid concentrations of Pb (SfPb) and Cd (SfCd) were measured in 118 of the 149 subjects, and a highly significant (p < 0.0001) correlation was found between BPb and SfPb levels (r = 0.571) and between BCd and SfCd levels (r-=0.490). The overall study results indicate that even moderate exposures to Pb (BPb < 400 pg/L) and Cd (BCd < 10. pg/L) can significantly reduce human semen quality without condusive evidence of impairment of male reproductive endocrine function.
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[ Online 9 December 1999] hXp:/llehpnetl.niehs.nihgov/docs/2000/108p45-53isman/abstract.html Many recent studies have indicated an increasing prevalence of various abnormalities of the reproductive system in human males. There is growing concern about the considerable decrease in sperm density over the last 50 years in general populations worldwide, especially in the United States and in Europe (1, 2) . Possible explanations for this phenomenon include increased stress, lifestyle factors, and a variety of endocrine-altering chemicals in the environment that can be linked to decreased male reproductive capacity, as indicated mainly by the results of experimental animal studies. Of the possible causal factors considered, including the most explored hypothesis of the role of various xenoestrogens and synthetic estrogens (3, 4) , none have yet been reliably identified as the cause of a generally decreasing reproductive capacity in human males, at least in some areas.
The human male is of relatively low fertility as compared to other mammals. Thus, the human male may be at greater risk from reproductive toxicants. For example, the number of sperm per human ejaculate is typically only 2-to 4-fold higher than the number at which fertility is significantly reduced, whereas the number of sperm in rat, rabbit, or bull ejaculate is many times (up to 1,400-fold) the number that will produce maximum fertility (5) . Human males have markedly smaller relative testis size and the lowest rate of daily sperm production per gram of testes (by a factor of more than 3) as compared to the mouse, rat, or monkey; the percentages of progressively motile sperm and morphologically normal sperm in human semen are also lower than in any of the animal models (5) .
Pb and Cd are highly toxic metals for humans and other mammals. Both are pervasive in the human environment and accumulate in the human body over a lifetime, including prenatal life (especially Pb). Apart from numerous sources of occupational exposure to each of the metals, the most important nonoccupational sources are food (especially seafood from metal-polluted areas), water (Pb, mostly from Pb pipes in contact with soft and acidic water), air (especially Pb from gasoline in dense traffic areas), Pb-based paints of housing, smoking habits [Cd and (to a lesser extent) Pb from tobacco], and alcohol consumption (Pb-contaminated alcoholic beverages). There is also some evidence of the possible interaction of Pb and alcohol in humans, that is, an ethanolinduced increase in the biologically active or mobile fraction of Pb accumulated in the body (6) (7) (8) .
Many experimental animal studies show that Pb and Cd can adversely affect the mammalian male reproductive system. On the other hand, relatively few data are available regarding the possible reproductive effects of Pb and/or Cd in men, and generally conflicting results have been reported in reviews on the subject (9, 10) . Nevertheless, the results of several studies suggest that relatively high occupational exposure to Pb, as indicated by blood Pb (BPb) levels, can reduce human semen quality (decreased number, motility, and altered morphology of sperm), whereas reproductive endocrine function is either not affected or is only marginally affected (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Some data suggest that the reproductive effects of Pb in men are reversible, that is, a trend toward normalization of reproductive parameters was found in subjects treated with a Pb-chelating agent ( 16,1/), or after cessation of occupational Pb exposure (28) . Most of these studies have one or more of the following shortcomings: a small number of subjects examined, no reference group or an inadequate reference group because of relatively high BPb levels, the inclusion of subjects with current or recent urogenital tract infections, and/or a lack of control for other common factors capable of affecting reproductive parameters (such as age, stress, smoking, and alcohol). However, recent epidemiologic studies have indicated that even moderate occupational exposure to Pb can reduce the fertility of male workers (29, 30) and increase spontaneous abortions in workers' wives (31) .
Evidence for possible reproductive effects of Cd in men is scanty and less conclusive as compared to that for Pb, as indicated in reviews on the subject (9, 10) . In groups of male subjects suspected of infertility (including nonsmokers and smokers), a significant positive correlation was found between abnormal sperm morphology and blood Cd (BCd) levels (15, 32) ; significant inverse correlations were found between sperm density and BCd (27, 32) and between semen volume and either BCd (15) or seminal fluid Cd (SfCd) levels (27, 32) . On the other hand, significant positive correlation was found between sperm motility and linear and curvilinear velocity with respect to semen Cd (33) , or no significant correlation was found between conventional parameters of semen quality and either semen Cd (34) or SfCd levels (33, 35, 36) (42) .
Materials and Methods
Study population. The study was cross-sectional in design; workers were invited from plants with a range of exposure to Pb (no Pb to moderate Pb) and no likely exposure to other metals and other factors that might influence reproductive parameters. The study population consisted of 149 healthy male industrial workers who had never been occupationally exposed to Cd, Zn, Cu, or other metals apart from Pb. The workers lived in Zagreb, Croatia. There were 51 subjects not occupationally exposed to Pb (all from the final product assembly department in a machine tool factory) and 98 subjects with slight to moderate occupational exposure to Pb (3 from a printing press, 5 from a Pbproducts factory, 9 from a ceramics factory, 19 from a factory producing Pb-based paints, and 62 from a factory producing storage batteries). Workers from the latter organizations had been regularly controlled for Pb-exposure in our laboratory for more than 15 years (> 2 times per year). Their long-term average BPb values were < 400 pg/L. The selection criteria were age (20-45 years); comparable lifestyle and socioeconomic status (industrial workers); employment at the present place of work for . 2 years; absence of a disease, condition, or exposure to physical and/or chemical factors other than Pb that affect or are suspected to affect spermatogenesis or semen quality; and the absence of psychologic stress (due to the death of a close relative or similar event), acute disease, or high body temperature during the preceding 4-months (period that exceeds the duration of one spermatogenesis cycle of approximately 72 ± 9 days). None of the selected subjects had ever received any chelation therapy, had hobbies involving the risk of metal exposure, or used any medication that could influence metal metabolism. The participation rate was > 90% in Pb workers from each of their organizations, as opposed to 67% in reference subjects. There appeared to be no significant difference between the participants and those who refused to participate in the study, except for the somewhat lower age of study participants. All subjects gave their informed consent before inclusion in the study. The study was performed in accordance with the ethical standards of the 1964 Helsinki declaration (43) and was approved by the common ethical committee of the collaborating health institutions in Zagreb (at the Vuk Vrhovac Clinic, Medical Faculty of the University of Zagreb).
A detailed questionnaire was completed by a physician for each of the 149 subjects. The structured interview was divided in two parts. Data on age, smoking habits, alcohol consumption, and professional and medical history of the subjects were collected by a specialist in occupational health, who was responsible for the health of the workers in each of the factories. Data In 118 of the 149 subjects, relatively high semen volume enabled additional measurements of the seminal fluid concentrations of Pb (SfPb) and Cd (SfCd).
Sampling and storage of biologic specimens. The ejaculate (by masturbation) and venous blood were sampled between 0800 and 1000 hours for each subject. All subjects were required to fast in the preceding 10 hr, abstain from alcohol in the preceding 24 hr, and avoid any sexual activity in the preceding 194-196 (Community Bureau of Reference, Commision of the European Communities, Brussels, Belgium). The accuracy of both BPb and BCd measurements was also controlled by regular participation in the national external quality assessment scheme (Birmingham, UK), and our mean running variance index score (MRVIS) was consistently lower than the average MRVIS for all participants. ALAD activity was measured < 5 hr after blood sampling (blood was stored at 4°C) using the European standardized method (45) . EP was measured by spectrofluorometric method (46) and the accuracy controlled by regular participation in the proficiency testing program for protoporphyrin in blood (Centers for Disease Control and Prevention, Atlanta, GA). The SZn and SCu measurements were performed by the flame-AAS method (47) and controlled daily for accuracy by analyzing two reference serum samples with certified SZn and SCu values: Cation-Cal (American Dade, Miami, FL) and Seronorm (Nycomed Pharma, Oslo, Norway).
Macroscopic and microscopic examination of semen was performed according to World Health Organization (WHO) recommendations (48) , where progressive motility refers to the sperm with rapid linear progression. Sperm motility was evaluated at room temperature (22-24'C) within 1 hr after the sampling of ejaculate. The LDH-C4 (which is often called LDH-X) in seminal fluid was measured by electrophoresis (49) , whereas fructose (50) , SfZn and acid phosphatase (51) , and citric acid (52) in seminal fluid were measured by automated methods using an ABA-100 bichromatic analyzer (Abbott, South Pasadena, CA). Serum hormones were measured by immunologic methods using commercial kits: FSH, LH, prolactin, and estradiol by fluoroimmunoassay (DELFIA, Pharmacia, Uppsala, Sweden), and testosterone by radioimmunoassay (Byk-Sangtec Diagnostica, Dietzenbach, Germany).
Statistical methods. Because of the skewed distribution of most of the measured parameters, the results within groups are presented as median and range, and the significance of the difference between groups was calculated by using the Mann-Whitney Utest (z, p). The results are also presented as mean ± standard deviation for better comparison with relevant data in literature. The Pearson's correlations (r, p) and regression equations were calculated for the linear, semilogarithmic, and logarithmic combinations (ylx, log ylx, y/log x, and log y/log x) between each of the measured parameters to assess the shape of relationship based on the highest r value obtained. Because the results suggested a curved rather than a straight relationship between certain parameters, the Spearman's rank correlation (r, p) between each of the measured parameters was also calculated.
Stepwise multiple regression was used to calculate the interrelationship of all the parameters considered possible explanatory variables (which were simultaneously introduced in the model) with respect to each of the measured reproductive parameters.
Results Table 1 shows relevant data in 51 male reference subjects and 98 male Pb workers. None had ever been occupationally exposed to Cd, Zn, Cu, or other metals. The data show significantly higher Pb exposure in Pb workers as compared to the reference subjects [indicated by increased BPb and EP and lowered ALAD (p < 0.0001)]. No significant difference between the groups was found for age, smoking habits, alcohol consumption, and levels of BCd, SZn, and SCu. The reference group included 27 smokers and 24 nonsmokers (53 and 47%, respectively); the Pb workers group had 68 smokers and 30 nonsmokers (69 and 31%, respectively). The incidence of smokers may explain the relatively higher BCd in the latter group as well as increased BCd levels in both groups. However, the difference in BCd levels was highly significant (p < 0.0001) between the 95 smokers and 54 nonsmokers: Table 2 shows data for the parameters of semen quality in the groups of reference subjects and Pb workers. As compared to the Apart from the results presented in Table  2 , normal semen color, liquefaction time, and the absence of bacteria and erythrocytes in semen were found in all 149 subjects. In the Pb-worker group, one subject had slightly increased semen pH, three had slightly increased semen leukocytes, and four had an increased percentage of immature sperm cells. Table 3 shows data for the parameters of reproductive endocrine function in the groups of reference subjects and Pb workers. Significantly higher serum estradiol (p < 0.01) was found in Pb workers as compared to the reference subjects, whereas no significant difference between the groups was found for serum FSH, LH, prolactin, and testosterone levels.
Results of the Spearman's rank correlation in all 149 subjects were highly significant (p < 0.0001) between each of the biomarkers of Pb exposure: ALAD and BPb (r = -0.833), EP and BPb (r = 0.758), and EP and ALAD (r = -0.760), as well as between BCd and smoking habits (r = 0.777). (Table 4) and showed their more significant association with ALAD as compared to BPb, and particularly EP. In this regard it must be stressed that BPb consistently showed a curved relationship with each of the reproductive parameters; the highest Pearson's rvalue was obtained when BPb was log-transformed. On the other hand, ALAD consistently showed a straight relationship with reproductive parameters (the only exception was the curved relationship with semen volume), and the same was generally the case for BCd, SZn, SCu, smoking, alcohol, and age. Only EP showed an inconsistent trend and mainly a kind of curved relationship with reproductive parameters. The individual models evaluating the association of BPb (log-transformed), ALAD, and EP with the reproductive parameters were calculated by adjusting for potentially confounding variables. Log BPb was a significant predictor of sperm density, counts of total and progressively motile sperm, abnormal sperm head morphology, SfZn, and acid phosphatase and citric acid in seminal fluid. ALAD was a significant predictor of semen volume; sperm density; counts of total, motile, and viable sperm; both the percentage and count of progressively motile sperm; abnormal sperm head morphology; SfZn; acid phosphatase and citric acid in seminal fluid; and serum testosterone and estradiol. EP was a significant predictor of counts of total and progressively motile sperm, SfZn, and acid phosphatase in seminal fluid.
The results (Table 5 ) also show significant (p < 0.05) influence of BCd, SZn, SCu, smoking, alcohol, or age on certain reproductive parameters, which could have contributed to interindividual differences in the values of reproductive parameters at the same Pb-exposure level. Significant associations were found between BCd and a decrease in sperm motility and an increase in abnormal sperm morphology, SfZn, and serum testosterone; between SZn and an increase in SfZn, acid phosphatase, and citric acid in seminal fluid; between SCu and an increase in acid phosphatase in seminal fluid; between smoking and a decrease in LDH-C4 in seminal fluid and serum prolactin; between alcohol and a decrease in abnormal sperm head morphology and an increase in sperm motility and viability, SfZn, acid phosphatase, and citric acid in seminal fluid, and serum estradiol; and between age and an increase in serum FSH. These effects were of lower rank and intensity as compared to Pbrelated effects on reproductive parameters, with the exception of the contribution of BCd to an increase in the percentage of pathologic sperm (regardless of the site of abnormal sperm morphology, as opposed to Pb effect) and serum testosterone.
Results related to seminalfluid concentrations ofPb and Cd. Additional SfPb and SfCd measurements were carried out in 118 of the 149 subjects. As compared to the remaining 31 subjects without SfPb Volume 108, Number 1, January 2000 * Environmental Health Perspectives so Articles * Heavy metal interaction on human semen quality subjects, divided into subgroups with regard to occupational Pb exposure and smoking habit. A highly significant (p < 0.0001) difference was found for the SfPb and BPb levels between Pb workers and reference subjects and for the SfCd and BCd levels between smokers and nonsmokers. In addition, considerably higher BCd was found in Pb workers as compared to reference subjects and BPb in smokers as compared to nonsmokers, both of which can mainly be ascribed to the higher incidence of smokers among the Pb workers than among the reference subjects (70 and 51%, respectively). The same trend was relatively less pronounced for the corresponding SfCd and SfPb levels, which may be explained by the fact that blood indicators (BPb and BCd) mainly reflect current or recent exposure to the metal, whereas seminal fluid indicators (SfPb and SfCd) appear to better reflect long-term cumulative exposure to the metal (41, 54) .
Results of the Spearman's rank correlation in 1 18 subjects were highly significant (p < 0.0001) between SfPb and BPb levels (r = 0.571) and between SfCd and BCd levels (r = 0.490). In addition, a highly significant (p < 0.0001) correlation was found between SfPb and ALAD (r = -0.501), SfPb and EP (r = 0.461), SfPb and SfCd (r= 0.430), SfCd and smoking habits (r= 0.499), and BCd and smoking habits (r= 0.787). Table 7 shows the correlations between each of the measured parameters of semen quality with respect to BPb, SfPb, ALAD, EP, BCd, SfCd, SZn, SCu, smoking, alcohol, age, and occupational Pb exposure duration (in the latter case by assuming the value of zero years in the 35 reference subjects). A significant (p < 0.05) correlation was found between several parameters of decreased semen quality with respect to BPb, ALAD, and/or EP. However, SfPb significantly correlated only with a decrease in the percentage and count of progressively motile sperm. An even more striking difference was found between BCd and SfCd concerning their correlations with parameters of semen quality. Although BCd significantly correlated with an increase in percentage of pathologic sperm (p < 0.005), this was not the case with respect to SfCd. Moreover, a significant correlation was found between an increase in SfZn, acid phosphatase, and citric acid in seminal fluid with respect to SfCd (p < 0.001, p < 0.01, and p < 0.0001, respectively), which might suggest even a beneficial effect of Cd on prostate secretory function, as opposed to the nonsignificant correlation of these parameters with BCd. Data on significant (p < 0.05) correlations between several other parameters in 118 subjects (Table 7) are similar to those found in all 149 subjects (Table 4) . Nevertheless, in the present group of subjects with relatively greater semen volume than the rest of study population, SZn (37) . At a same level of BPb, the simultaneous ALAD (12) . The observed Pb-related effects on semen quality have also been indicated, to a certain extent, in the studies of other authors. These effects include a decrease in semen volume (17, 21, 26) , a decrease in sperm density and sperm count (11, 13, 14, 16, 17, 20, 21) , a decrease in sperm motility (15, 16, 20, 21, 28) and the quality of motility (17, 28) , an increase in abnormal sperm morphology (16, 17, 20, 21, 26) [particularly at the head of the sperm (17, 21, 26) ], and impairment of the prostate secretory function as indicated by decreased SfZn (26) . In most of these studies, significant alterations of reproductive parameters were observed at relatively higher BPb levels (> 400 pg/L), and only on a group basis (or in a few individuals); therefore, insufficient evidence was presented for establishing relevant dose-response relationships. The present study shows no significant Pb-related influence on serum levels of FSH, LH, and prolactin, and the observed slight increases in serum testosterone and estradiol can hardly be regarded as impairment of male reproductive endocrine function. The Pb-related increases in serum testosterone and estradiol are difficult to explain, although it is possible that they were due to the increase in sex-hormone binding globulin (which unfortunately was not measured in the present study) (22, 24) and would have no adverse effect on spermatogenesis. The published data concerning Pbrelated effects on reproductive endocrine function in men are generally controversial (10, 11, 13, 14, 16, (18) (19) (20) (22) (23) (24) . However, our results corroborate the results of other studies that showed a Pb-related decrease in human semen quality without reproductive endocrine dysfunction (11, 13, 16, 20) .
The study results indicate that even moderate exposure to Cd (BCd < 10 jg/L) can increase abnormal sperm morphology, as shown by a significant correlation of increasing percentage of pathologic sperm with BCd (Tables 5 and 7 ), although not with SfCd (Table 7) , which is in accordance with the results of other authors (15, 32) . The results also show a significant correlation of BCd with a decrease in sperm motility and an increase in serum testosterone (Table 5 ).
In the study population, increased exposure to Cd was mostly because of the smoking habit, which itself may adversely affect reproductive parameters by mechanisms of oxidative stress involving other compounds present in cigarette smoke (42) . However, the increase in abnormal sperm morphology and in serum testosterone and the decrease in sperm motility correlated considerably better with BCd levels than with smoking habits (Tables 4 and 7) and thus appear to be independent of possible influence of other cigarette smoke constituents. This was not the case for LDH-C4 in seminal fluid and for serum prolactin, which correlated better with smoking habits than with BCd levels (Tables 4 and 7) .
The observed differences between SfPb and BPb and between SfCd and BCd, with regard to their correlation with parameters of semen quality (particularly those concerning prostate secretory function) (Table 7) , appear to suggest possible toxicokinetic interaction through the influence of MT, especially as it may affect the levels of SfCd and SfZn, and to a lesser extent SfPb. Both Cd and Zn are powerful inducing agents for MT biosynthesis, and MT binds various metals including Pb, Cd, Zn, and Cu (42) . Thus, any alteration of the MT amount in a certain body compartment may also influence the concentration of elements other than the inducing agent (34) . In this way, actual SfPb, SfCd, and SfZn levels may be insufficiently representative of the metal bioavailability because binding of Pb and Cd to MT decreases the toxicity of Pb and Cd and also decreases the capacity of MT for its main purpose of storage and supply of intracellular Zn (42) . It (42) . However, alterations in the amount and/or biologic availability of Zn in certain body compartments (e.g., through the Pband Cd-related decrease in the capacity of MT to provide optimum supply of Zn to the cell) may influence sperm proliferation, maturation, and viability.
Conclusions
With regard to the WHO-proposed noadverse-effect levels of BPb and BCd in adult male subjects (53), the results of this study indicate that even moderate exposure to Pb (BPb < 400 pg/L) and Cd (BCd < 10 pg/L) can significantly reduce reproductive capacity in men. This appears to be at least partly mediated through their interference with Zn metabolism, where the Pb-and Cdexposure duration can have a highly important role. No threshold could be observed for the Pb-and Cd-related decrease in semen quality. Smoking habits, alcohol consumption, and age may have an independent influence on certain reproductive parameters apart from their contribution to the increase in cumulative exposure to Pb and Cd in the individual. These influences may result in interindividual differences in several reproductive parameters at the same BPb and BCd levels. 
